Water chlorination is one of the most popular ways of disinfection used in potable water distribution systems. Nevertheless, chlorinated water does influence mechanical properties, structure and characteristics of the surface of plastic water pipes forming the system. This paper presents tests of HDPE and PVC water pipes in different ageing solutions of specific chlorine concentration, pH and CaCO 3 content and in different temperatures. Strength, structure and the chemical stability of samples were determined following different immersion periods in ageing solutions. Static tensile strength tests have not indicated any significant changes in the selected mechanical properties of either HDPE or PVC pipes samples. Infrared spectrometry tests of the chemical structure, however, showed changes in the tested samples indicating material degradation caused by chlorinated water.
Introduction
Plastics, polyethylene and polyvinyl chloride in particular, are commonly used in water distribution systems. In order to assure the required quality and avoid secondary microbiological contamination, the water is disinfected with various disinfectants. Chlorination is one of the most popular ways of water disinfection and is commonly used in water treatment plants. Nonetheless, chlorine compounds have strong oxidizing properties, and chlorinated water influences the mechanical properties, structure and characteristics of the surface of plastic water pipes. The mechanical properties of pipes are, moreover, influenced by pressure, temperature and the pH of the water in contact with the material. Free available chlorine, of widespread use in disinfection, is a sum of aqueous HOCl, OCl ions, the amount of undissociated HOCl rises, which is more reactive in oxidation of reduced substances than OCl -ion, thus its consumption rises [1] . With pH ranging between 6.5 and 7.5, HOCl compounds dominate in water, and the maximum rate of material degradation is observed at a pH lower than 7.5 [2, 3] . The recommended pH of water in Poland is between 6.5 and 9.5 [4] . It is believed that polyethylene, among all plastics used for water pipes production, which is the most susceptible to degradation. Hence, information on the interaction between chlorine compounds and polyethylene pipes have been appearing in literature. Nevertheless, no sufficient research data has described the reaction of this disinfectant with polyvinyl chloride; another material used in water pipe production.
Polyethylene degradation usually follows the depletion of antioxidants and stabilizers used in material production processes, which consequently allows chlorine to penetrate into the material [5] [6] [7] [8] [9] [10] . Standard stabilizers, a mixture of phenols and phosphates, are rapidly consumed in the reaction with chlorine compounds. Dear and Mason [11] observed degradation of inner walls of polyethylene pipes caused by chlorine, manifesting itself in lowered molecular weight of the material and small axial cracks on the inside pipe wall. Based on research conducted with changeable pressure, temperature, free available chlorine concentration and pH, Hassinen et al. [12] observed that chlorinated water causes substantial reduction in antioxidant levels, and thus pipe degradation. Hassinen et al. [12] and Andersson and Ifwarson [13] arrived at similar conclusions during HDPE pipes tests. Whelton and Dietrich [14] proved that PE pipes ageing under the influence of chlorinated water lead to a reduction in antioxidant levels, increased crystalline content which decreases the amount of amorphous region, chain scission, molecule layering, broadening of the molecular weight distribution, increased hydroxyl, carbonyl, and/or vinyl group content, and visible striations and cracking on the surface. Castagnetti et al. [15] conducted tests on mechanical properties of polyethylene pipes (static tensile test) and chemical (oxidation induction time OIT) with the use of non-chlorinated water and water chlorinated with sodium hypochlorite and chlorine dioxide. The tests were conducted on standardized dumbbell specimens and pipe fragments immersed in ageing solutions. In the case of specimens immersed in the ageing solution, a clear decrease of elongation at rupture and antioxidant content in the material were noted. In addition, chlorine dioxide proved to be much more aggressive than sodium hypochlorite. For pipe fragment samples, no substantial mechanical or chemical changes were observed during the tests. Degradation of PE pipes exposed to chlorine dioxide was presented in publications [13] [14] [15] [16] [17] . Tests were conducted in various ageing solutions and temperatures. Antioxidant depletion in pipes filled with chlorine dioxide was observed as the disinfectant is greater compared with the chlorine gas [18] . Oertli and Ifwarson [19] proved that polyethylene pipes exposed to non-chlorinated water show a durability 10-30 times longer than pipes filled with chlorinated water. Devilliers et al. [20] tested chlorine influence on oxidation of polyethylene samples exposed to chlorine solutions at various concentrations (70, 400 and 4000 mg/L) proving that the higher the chlorine concentration the faster the rate of oxidation (chain scission). Gill et al. [21] proved that cross-linked polyethylene (PEX) is also degraded by chlorinated water, which results in mechanical properties and pipe durability deterioration. Field work observations evidenced that brittle fractures in pipes occur particularly in small-diameter pipes exposed to chlorine dioxide as disinfectant. Vibien et al. [22] conducted research on the influence of chlorine and chloramine on PEX pipes, demonstrating that even with a low concentration, chlorination influenced water pipe durability.
The available literature mentions few publications on interactions between chlorine compounds and polyvinyl chloride (PVC) pipes. Most of the conducted research concerns determining long-term pipe strength in various temperatures [23] . The scope of research appears to be focused on the analysis of the usage of chlorine in water distribution systems in PVC pipes, compared with other materials, is much more common in literature [24] . There is a number of ageing methods for assessing chlorine resistance, such as ASTM Standards [25] [26] [27] or NSF Protocol for Chlorine Resistance of Plastic Piping Materials [28] . The aforementioned allows a relative assessment of a material's resistance to chlorine. Despite the fact that they fail to reflect actual operating conditions, they allow for a comparative analysis of pipes subjected to various disinfectants in variable temperature of the solutions.
Materials and methodology
This paper describes tests with the use of the ageing solutions prepared according to literature data on specific chlorine concentration, pH and CaCO 3 contents. Dumbbell specimens were cut out from pipes and immersed in ageing solutions and stored in various temperatures. Pipe samples obtained directly from a local supply company had an outside diameter of 110 mm with a wall thickness of 4 mm. HDPE pipes were manufactured on a W 60TK extruder and PVC pipes on a 2T-14/8M twin screw extruder. The properties of polyethylene, provided by the manufacturer, were as follows: density 946 kg/m , reduced viscosity 110.6 mL/g, bulk density 0.557 g/mL, additional components: thermal stabilizer (Stabilox EP-1039-15 from Reagens) 2%, ground powdered chalk 9%, calcium stearate 0.4%, titanium white 0.1%.
The tested dumbbell specimens were cut out from the HDPE and PVC pipes in an axial direction (down the length of the pipe) in accordance with ISO 527-1: 2012. The specimens for tensile tests were of the following dimensions: crosssection dimensions in the middle 4 mm × 10 mm, the sample's length being 150 mm. Prior to the tests, all the samples were subjected to ageing in the Environmental Analysis Laboratory at Lublin University of Technology in ageing solutions with an elevated chlorine content, prepared especially for the tests. Strength, structure and chemical stability tests were conducted on samples following different ageing solution immersion periods at an Accredited Central Mining Institute Laboratory in Katowice.
Ageing solution preparation
The literature does not set unified standards for conducting tests in an ageing solution with the use of chlorine. Published test results are acquired for different disinfectant concentrations and different physical-chemical parameters of water, and therefore, their comparison is irrelevant. Whelton and Dietrich [14] developed a classification of solutions based on their potential practical application. Our tests were conducted on solutions with a chlorine concentration at 500 ppm as free available Cl2 and controlled pH reaction. The solutions were prepared with deionised water from Nanopure Hydrolab HLP5 with 6.5% sodium hypochlorite and calcium carbonate. The free available chlorine concentration was determined according to the ISO 7393-3: 2011 standard, the solution reaction was regulated with NaOH and HCl and maintained at 6.5 pH according to the PN-90/G-04540.01 standard. The pH was controlled with a CPC-501 pH meter (Elmetron Company). Apart from controlling the pH reaction of water, the tests involved adding to certain solutions (in accordance with ISO 9963-1: 2001) calcium carbonate, a standard component of water used in water distribution systems. Some researchers maintain that the presence of CaCO3 in water is crucial for naturalising free radicals present in chlorinated water, and therefore for preventing polyethylene oxidation [29] . Ageing solutions and samples were stored for 672 hours (28 days) in ambient temperature 23 ±2°C and in 70°C. Ageing solutions were characterised by the following parameters:
-the first solution was prepared with 500 ppm chlorine concentration as free available Cl 2 with no addition of CaCO 3 (henceforth referred to as solution I), -the second solution was prepared with 500 ppm chlorine concentration as free available Cl 2 , with the addition of 50 ppm of CaCO 3 (henceforth referred to as solution II). In both cases, ageing solutions were prepared from scratch following each removal of samples for tests. The dumbbell specimens, prior to being placed in the ageing solutions, were rinsed three times in distilled water and dried in a desiccator for 48 hours. Subsequently, HDPE samples were immersed in solutions I and II, prepared according to the previously described procedure and placed in 4 capped glass containers. Two of the containers with solution I, however, one remained in ambient temperature (23±2°C) in a dark room, and the other was placed in a laboratory drying oven KC-65 (Premed Company) at a constant temperature of 70°C. PVC samples (Fig. 1) were placed in 4 different ageing solutions analogically to the polyethylene samples. Summing up, the samples were placed in 8 glass containers -four in ambient temperature in a dark room, and the remaining four in temperature chamber in 70°C. After 168 hours (7 days) of immersion in ageing solutions, 3 samples were removed from each container, rinsed in distilled water and placed in a desiccator. After 336 hours (14 days), the next 3 samples were removed from each solution and placed in a desiccator. After 672 hours (28 days), the remaining samples were removed from the solutions and placed in a desiccator for 1 week. After each removal of the samples, new solutions were prepared. Prior to immersing in ageing solutions and after their removal during the experiment the samples were weighed, each time using AC 210S balance (Santorius Mechatronics Company).
Mechanical properties: strength tests
The tests were conducted in accordance with ISO 527-1:2012 standard on a Class 1 Instron 4465 tensile testing machine. Air conditioning and all specimen samples for testing were conducted in standardized conditions, namely 23±2°C, relative humidity 50±10%, according to ISO 291:2008. Tensile testing was performed with a tensile speed equal to 50 mm/min. The determination of the tensile modulus (Young's modulus) was conducted at a 1 mm/min tensile rate.
Chemical structure analysis
The analysis was conducted with the use of infrared spectrometry, with a Nicolet 380 spectrometer coupled with an IR Centaurus microscope. The samples were cut out parallel and perpendicular to the surface of the tensile test dumbbell specimens (cut depth up to 1 mm). The cut parallel to the specimens was performed with the aim of analysing the external surface of the material in direct contact with chlorinated water. The tests consisted of measurements of spectra in the infrared (IR) region conducted using an IR Thermo Nicolet 380 spectrometer in accordance with the ATR mode with a ZnSe crystal at 2 cm 
Results and discussion

Strength tests
The relation between tensile strength, elongation at break, Young's modulus and the immersion period in ageing solutions as well as the composition of the solutions are presented in Table 1 be of higher influence. The relations between elongation at break and time demonstrate similar tendencies in both elevated and at room temperature. These values oscillate between 48.57% and 34.66%, and the lowest was obtained for samples immersed in solutions and subsequently placed in the atmospheric air for 672 hours. For samples immersed in solutions stored at 70°C, elongation slightly increased in the first 168 hours, which was, however, followed by a similar decrease as in the case of samples placed in solutions at ambient temperature. Young's modulus values ranged from 780.55 MPa to 271.30 MPa. The lowest value was recorded for a sample immersed in ambient temperature solution without CaCO3. Nevertheless, a similar falling tendency of this indicator's value was observed for all samples.
Slightly different tendencies can be observed in the case of PVC samples. Throughout the experiment, tensile strength values increased slightly with the immersion time of samples in ageing solutions ( without CaCO 3 . Young's modulus ranged from 2645.7 MPa to 3554.00 after 168 hours and up to 3210.66 MPa after 672 hours. These values were observed for samples in solutions with CaCO 3 at 70°C.
Based on the obtained results, it is difficult to explicitly determine the influence that solutions have on mechanical properties at particular stages of contact between the material and the solution. Temporary strengthening of some samples might have resulted from structural changes in the sample material, such as increased crystallinity or substitution of hydrogen atoms with chlorine atoms (PVC samples). Nevertheless, structure analysis confirmed material degradation, which may result in migration of antioxidants or other low-molecular compounds into the water being in contact with the pipe.
Chemical structure analysis
IR spectroscopy tests were conducted in order to analyse the chemical structure of the material and facilitate the assessment of material degradation degree caused by the immersion of the samples in ageing solutions. IR spectroscopy consists of analysing the absorption of specific wavelength infrared radiation, which allows the analysis of oxidation products and polymer degradation. As a consequence, oxidation of polymer chains leads to their shortening and thus material weakening. IR tests showed greater changes in PVC structure when compared with HDPE.
PVC samples from solutions with and without CaCO 3 at 70°C exhibited distinct differences in spectrum between the exterior and interior polymer layer. Degradation concerns mainly the exterior layer and the changes in polymer chain are to a considerable extent conformational (Figs 1 and 2 ). The peak is found at 1740 cm -1 (the stretching vibration of C=O group), 1620 cm -1 (stretching C=C), ~800 cm -1 (symmetrical and asymmetrical stretching vibration C-Cl). These peaks suggest the occurrence of the polymer degradation process and the emergence of new bonds as a result of oxidation.
Significant changes are also detected in regions 1200-1270 cm -1 and 600-880 cm ), in the case of the interior layer, a sharp narrow peak is detected at 875 cm -1 , which may be a result of chlorine vibration (CCl). In the case of the exterior layer, the peak is shifted to lower frequencies and split into two peaks (840 cm In addition, the analysis included tests of exterior and interior layer of polyethylene samples, where a certain discrepancy between the spectra of both layers can be observed as well (Fig. 3) . A distinct peak, characteristic of the stretching vibration of the C=O group at 1740 cm -1 , can be detected in the exterior layer. These changes may indicate polyethylene chain degradation, branch formation or formation of oxidation reaction products. However, the changes are relatively insignificant when compared with changes in PVC. The analysis of the relation between the intensity of 2900 cm -1 peak, characteristic of polymer (symmetrical stretching vibration of CH 2 group), and 1750 cm -1 peak, characteristic of the oxidation process products (stretching vibration C=O), may lead to the conclusion that the degradation and oxidation process was completed at approximately 11%. Fig. 3 shows a minor peak around 1600 cm -1 . Gedde and Ifwarson [5] having conducted cross-linked polyethylene pipe tests suggested that bonds detected between 1680 cm -1 and 1500 cm -1 are linked with water sorption through oxidized material. A slight weight gain of polyethylene samples after removal from ageing solutions may prove water penetration into the material. For instance, the biggest weight gain of HDPE samples was registered after 672 hours of immersion in ageing solution at 70°C from 10.30g to 10.63g. In the case of PVC samples, the situation was the reverse, the weight decreased in the majority of cases. The difference was similarly the most significant at 70°C, in which conditions the weight of the sample dropped from 14.60 g to 14.46 g after 672 hours in ageing solution. 
Conclusions
The research results of mechanical properties of pipes treated with chlorinated water showed that static tensile tests have not indicated significant changes of HDPE or PVC samples. The observed temporary consolidation of certain samples could have resulted from structural changes of the material, e.g. increased crystallinity or chloride atom substitutions of hydrogen atoms (in PVC samples). Infrared spectrometry chemical structure analysis evidenced changes in the test samples, which indicated material degradation caused by chlorinated water. Chemical changes concern predominantly the exterior layer of the material and are more distinct in PVC samples than HDPE samples.
Upon removal of HDPE samples from the solutions, their weight slightly increased, which appears to indicate water penetration into the pipes. A slight decrease of samples' weight was noted in the case of PVC samples.
The results of the short-term analysis of samples with increased chlorine content do not, however, provide unambiguous information on HDPE and PVC pipes' strength. No significant strength deterioration was noted; however, the structure analyses indicate material degradation onset. Consequently, tests conducted over an extended period of time and in conditions to a greater extent resembling genuine water pipe network operating conditions should prove more reliable. Due to material degradation, which may result in migration of antioxidants or other low-molecular compounds into the water being in contact with the pipe, migration tests should also be performed.
